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In the classical anaerobic pathway of unsaturated
fatty acid biosynthesis, that of Escherichia coli, the
double bond is introduced into the growing acyl
chain by the FabA dehydratase/isomerase. Another
dehydratase, FabZ, functions in the chain elongation
cycle. In contrast, Aerococcus viridans has only a
single FabA/FabZ homolog we designate FabQ.
FabQ can not only replace the function of E. coli
FabZ in vivo, but it also catalyzes the isomerization
required for unsaturated fatty acid biosynthesis.
Most strikingly, FabQ in combination with E. coli
FabB imparts the surprising ability to bypass reduc-
tion of the trans-2-acyl-ACP intermediates of clas-
sical fatty acid synthesis. FabQ allows elongation
by progressive isomerization reactions to form the
polyunsaturated fatty acid, 3-hydroxy-cis-5, 7-hexa-
decadienoic acid, both in vitro and in vivo. FabQ
therefore provides a potential pathway for bacterial
synthesis of polyunsaturated fatty acids.
INTRODUCTION
Unsaturated fatty acid (UFA) biosynthesis is essential for all cells
except the Archaea. UFAs (or fatty acids with similar physical
properties) are required for the structure and function of cell
membranes. Escherichia coli has long provided the paradigm
of the type II fatty acid synthetic pathway found in bacteria, mito-
chondria, and plant plastids, in which each step is catalyzed by a
discrete enzyme (Campbell and Cronan, 2001; Zhang and Rock,
2008). The key player in UFA synthesis in E. coli is the fabA gene
encoding3-hydroxydecanoyl-acyl carrier protein (ACP) dehydra-
tase/isomerase (Bloch, 1971; Cronan et al., 1969). This bifunc-
tional enzyme introduces the trans-2 double bond into the
growing acyl chains at the C10 level and then isomerizes this
product to the cis-3 species (Bloch, 1971; Figure 1). The cis dou-
ble bond is retained and following several subsequent C2 elonga-
tion cycles, the long-chain UFAs needed for membrane phos-Chemistry & Biology 20, 1157–116pholipid function are produced (Feng and Cronan, 2009). FabB
(3-ketoacyl-ACP synthase I) is also essential for UFA synthesis
in E. coli and acts to channel the metabolic intermediates pro-
duced by FabA into the mainstream fatty acid synthetic pathway
(Feng and Cronan, 2009; Figure 1). E. coli also contains a second
3-hydroxyacyl-ACP dehydratase, FabZ,which catalyzes only the
dehydration reaction of the classical fatty acid biosynthesis cycle
(Heath and Rock, 1996; Mohan et al., 1994) and has only weak
sequence identity (28%) with FabA. Thus, FabA plays an essen-
tial role in UFA synthesis whereas FabZ seems to functionmainly
in synthesis of saturated fatty acids (SFA). However, genes
encoding FabA homologs are found only in the a- and g-proteo-
bacteria (representative bacteria would be Agrobacterium and
E. coli/Salmonella, respectively) and FabA shows covariance
with FabB (Feng and Cronan, 2009). Thus, other bacteria that
grow anaerobically must synthesize UFAs using different
enzymes. These proteins may act in pathways chemically analo-
gous to that of E. coli, but their amino acid sequences preclude
recognition as FabA/FabB homologs. Although both the FabA
and FabZ monomers adopt a single ‘‘hotdog fold’’ in which a
long central a helix is wrapped by a six-stranded antiparallel
b sheet (Kimber et al., 2004; Leesong et al., 1996; White et al.,
2005) and exhibit a common active-site motif, the specificity of
a given protein cannot be deduced by sequence comparisons
alone (White et al., 2005). The first example of this predicament
was the two FabZ homologs of Enterococcus faecalis. One of
these proteins (FabN) is a bifunctional dehydratase/isomerase
like FabA whereas the second E. faecalis FabZ homolog has
only dehydratase activity (Wang and Cronan, 2004). A different
mode of UFA synthesis is found in Streptococcus pneumoniae,
which encodes FabM, an isomerase that like FabA converts
trans-2- decenoyl-ACP to cis-3-decenoyl-ACP but lacks dehy-
dratase activity (Marrakchi et al., 2002). Recently an unidentified
anaerobic UFA synthesis mechanism involving a gene called
ufaA was reported in Neiserria gonorrhoeae (Isabella and Clark,
2011), which may require a partner (perhaps a specific electron
transport chain). Anaerobic synthesis of UFAs is unique to bacte-
ria and thus the key enzymes of this pathway, particularly FabA,
have been targeted for development of new antibacterial agents
(Ishikawa et al., 2012; Moynie´ et al., 2013).
Aerococcus viridans is considered a saprophytic bacterium,
although it can rarely cause human infections (Facklam and7, September 19, 2013 ª2013 Elsevier Ltd All rights reserved 1157
Figure 1. Comparison of the E. coli
and A. viridians Fatty Acid Biosynthetic
Pathways
(A) In E. coli, the branch point between SFA/UFA
synthesis occurs at the level of the ten carbon in-
termediate. Both FabA and FabZ can catalyze the
dehydration of 3-hydroxydecanoyl-ACP to trans-
2-decenoyl-ACP (Heath andRock, 1996), whereas
only FabA can isomerize the double bond to cis-3-
decenoyl-ACP (Bloch, 1971; Cronan et al., 1969).
SFA biosynthesis proceeds by the action of FabI
on the trans-2 intermediate followed by further
elongation cycles initiated by a long-chain 3-
oxoacyl-ACP synthase (either FabB or FabF). UFA
synthesis requires FabB to elongate cis-3-dece-
noyl-ACP (Feng and Cronan, 2009) and thereby
initiate the elongation cycles that form the major
long-chain unsaturated fatty acids, C16:1D9c and
C18:1D11c (Cronan and Thomas, 2009).
(B) In A. viridans, UFA synthesis proceeds from a
pathway branch at the 3-hydroxydodecanoyl-ACP
stage. FabQ dehydrates 3-hydroxydodecanoyl-ACP to trans-2-dodecenoyl-ACP and isomerizes a portion of this intermediate to cis-3-dodecenoyl-ACP. FabF is
required for the subsequent elongation of cis-3-dodecenoyl-ACP to produce the long-chain unsaturated fatty acids. SFA are formed by the action of the FabK
enoyl-ACP reductase followed by further elongation cycles initiated by FabF.
See also Figure S2.
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Multifunctional Fatty Acid DehydrataseElliott, 1995; Nathavitharana et al., 1983). Previous strain charac-
terizations showed that A. viridans produces straight-chain
SFAs and three unusual UFAs, cis-7-hexadecenoic acid, cis-9-
octadecenoic acid, and cis-11-eicosenoic acid (Bosley et al.,
1990; Moss et al., 1989). The first two acids were reported in
Clostridium butyricum (now Clostridium beijerinckii), an obligate
anaerobe, where they are accompanied by the typical bacterial
UFAs, palmitoleate (cis-9-hexadecenoic acid) and cis-vaccen-
ate (cis-11-octadecenoic acid) (Biebl and Spro¨er, 2002; Goldfine
and Panos, 1971; Johnston and Goldfine, 1983; Scheuerbrandt
et al., 1961).
The C. beijerinckii enzyme(s) responsible for introduction of
the UFA double bonds has not been determined. However, the
overall pathway was outlined by the pioneering studies of Bloch
and coworkers (Scheuerbrandt et al., 1961). These workers
showed that the patterns of incorporation of radioactive octanoic
acid and decanoic acid into UFAs by cultures of C. beijerincki
differed. This bacterium converted exogenous radioactive octa-
noic acid to labeled palmitoleate and cis-vaccenate, whereas
radioactive decanoic acid was converted to the C16:1D7c and
C18:1D9c acids (Scheuerbrandt et al., 1961). Based on this pre-
cedent and the E. coli pathway (Campbell and Cronan, 2001;
Feng and Cronan, 2009), synthesis of the A. viridans UFAs was
expected to involve a FabA homolog that dehydrated 3-hydrox-
ydodecanoyl-ACP to trans-2-dodecenoyl-ACP and then isomer-
ized the double bond to the cis-3 species (Figure 1). Thus, the
reaction would proceed as does the E. coli FabA reaction except
with a longer acyl chain. However, the A. viridans strains of
known genome sequence contain only a single FabA/FabZ
homolog and encode no recognizable homologs of FabM or
UfaA. Because only a single FabZ homolog is present, a scenario
similar to that of E. faecalis is ruled out. The single FabZ homolog
raised the possibility that this enzyme could carry out the func-
tions performed by both FabZ and FabA in E. coli fatty acid
synthesis. If so, this would be in contrast to the situation in
C. acetobutylicum, where the single FabZ homolog is unable to1158 Chemistry & Biology 20, 1157–1167, September 19, 2013 ª201perform the isomerization reaction and themechanism of double
bond insertion remains unknown (Zhu et al., 2009).
We report that the single A. viridans FabZ homolog (renamed
FabQ) performs the functions of both E. coli FabZ and FabA us-
ing 3-hydroxydodecanoyl-ACP as the key substrate. Moreover,
when partnered with E. coli FabB, FabQ has the extraordinary
ability to bypass the need for reduction of the enoyl-ACP inter-
mediate required in the classical fatty acid chain elongation
pathway.
RESULTS
Purification and Characteristics of FabQ
The type II fatty acid biosynthetic genes in A. viridans are clus-
tered at a single genomic location (Figure 2A). A comparison of
the predicted protein sequences of these open reading frames
to those of the characterized E. coli enzymes showed that the
A. viridans gene cluster lacked FabA, FabI, FabB, and FabH
homologs. However, the cluster includes a gene encoding a
FabK flavoprotein enoyl-ACP reductase homolog expected to
functionally replace FabI (Heath and Rock, 2000). The lack of
FabB and FabH homologs could be explained by a trifunctional
FabF, such as that of Lactococcus lactis, which functionally re-
places the L. lactis FabH and both the E. coli FabB and FabF pro-
teins (Morgan-Kiss and Cronan, 2008). However, there is only a
single A. viridans FabZ homolog (renamed FabQ), which shares
39% identical residues with E. coli FabZ (Figure 2B) and no
genes encoding homologs of any enzyme known to be involved
in cis double bond introduction are present in the two available
A. viridans genome sequences (http://www.ncbi.nlm.nih.gov/
genome). This led us to test the possibility that FabQ could func-
tionally replace both the FabA and FabZ proteins of E. coli.
We first expressed FabQ in E. coli and compared the purified
enzyme to the well-studied E. coli FabA plus the Pseudomonas
aeruginosa FabZ and FabA proteins. The N terminal hexahisti-
dine-tagged FabQ protein was expressed in E. coli and purified3 Elsevier Ltd All rights reserved
Figure 2. Organization of the A. viridans Fatty Acid Biosynthetic Gene Cluster and Alignment of A. viridans FabQ with other b-Hydroxyacyl-
ACP Dehydrases
(A) The genes of type II fatty acid biosynthesis are located in a single cluster in theA. viridans genome. The thick arrows indicate the relative sizes of the genes. The
gene names below the arrows indicate the E. coli genes that correspond to the open reading frames in the A. viridans genome cluster. accA, accB, accC, and
accD encode the four subunits of acetyl-CoA carboxylase; fabZ/fabQ, b-hydroxyacyl-ACP dehydrase; fabF, b-ketoacyl-ACP synthase II; fabG, b-ketoacyl-ACP
reductase; fabD, malonyl-CoA:ACP transacylase; fabK, enoyl-ACP reductase II; and acpP, ACP.
(B) Sequence alignments of FabZ/Q protein with homologs of other bacteria. The predicted protein sequence of FabZ/Q (ZP_06808097.1) from A. viridans is
compared with the predicted protein sequences of PaFabZ (NP_252335.1) and PaFabA (NP_250301.1) from P. aeruginosa, EcFabZ (NP_414722.1) and EcFabA
(NP_415474.1) from E. coli, EfFabZ (NP_816498.1) and EfFabN (AAO80147.1) from E. faecalis. The secondary structure diagrammed at the top is that of PaFabZ.
Identical residues are in white letters with black background, similar residues are in gray letters with white background, varied residues are in black letters, and
dots represent gaps. a, a-helix; b, b sheet; T, b-turns/coils.
(C) Schematic diagram of the PaFabZ/AvFabQ chimeric proteins constructed. Chimeras were constructed based on the secondary structure predictions
illustrated in B and the junctions are indicated by the arrows of (B).
See also Figure S5.
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tography. The purified protein had an apparent monomeric mo-
lecular mass of18 kDa based on SDS-gel electrophoresis. The
size exclusion chromatographic elutionprofile of FabQ (FigureS1
available online) indicated that the FabQ is a hexamer in solution
form as are the FabZ proteins of E. coli and P. aeruginosa (Kim-
ber et al., 2004), whereas the E. coli and P. aeruginosa FabA pro-Chemistry & Biology 20, 1157–116teins are dimeric both in solution (Kass et al., 1967; Kimber et al.,
2004) and in crystals (Leesong et al., 1996; Moynie´ et al., 2013).
Heterologous Complementation of E. coli fabZ and fabA
Null Mutant Strains by Expression of FabQ
The function of FabQ in heterologous complementation assays
was tested in parallel using two E. coli mutant strains, HW77, September 19, 2013 ª2013 Elsevier Ltd All rights reserved 1159
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Multifunctional Fatty Acid Dehydrataseand HW8 (Wang and Cronan, 2004). In strain HW7, the chromo-
somal fabZ gene was disrupted by insertion of a kanamycin
resistance cassette and the strain remains viable due to the pres-
ence of a plasmid that encodes Clostridium acetobutylicum
FabZ under control of an arabinose-inducible promoter.
Because fabZ is an essential gene in E. coli (Baba et al., 2006),
this strain grows in the presence of arabinose but fails to grow
in the absence of arabinose or in the presence of the anti-
inducer, fucose (Figure 3A). Strain HW8 is a derivative of the
fabA null mutant strain MH121, which also carries a null mutation
in cfa, so that unsaturated fatty acids cannot be converted to
their cyclopropane derivatives. The fabQ gene was inserted
into an IPTG-inducible vector. This plasmid was introduced
into E. coli strains HW7 andHW8 and the resulting transformants
were tested for growth following induction of FabQ expression.
No growth of strain HW8 transformants was found in the
absence of oleic acid supplementation (Figure S4A). However,
we found that strain HW7 transformed with fabQ grew in the
presence of IPTG and fucose, indicating that FabQ expression
restored b-hydroxyacyl-ACP dehydratase function, albeit less
efficiently than the wild-type E. coli FabZ (Figure 3A). Hence,
FabQ functionally replaced E. coli FabZ.
FabQ Has FabA Activity In Vivo
Although fabQ failed to allow growth of the E. coli fabA strain, it
remained possible that the recombinant plasmid supported UFA
synthesis, but that the levels of UFA synthesized were insuffi-
cient for growth. This possibility was tested by [1-14C]acetate
labeling of the fatty acids synthesized by strain HW8 carrying
the fabQ plasmid followed by analysis of the resulting radioactive
fatty acids for UFA. Upon IPTG induction, no UFA synthesis was
detected (Figure 3B). A plausible explanation for the observed
lack of UFA synthesis was that FabI, the E. coli enoyl-ACP reduc-
tase, converted the trans-2-enoyl-ACP intermediate to acyl-ACP
before the putative FabQ isomerization activity could act. Thus,
the labeling experiment was repeated in the presence of a low
dose of triclosan, a specific inhibitor of FabI (Campbell and
Cronan, 2001; White et al., 2005) to allow the putative isomerase
activity an opportunity to compete for the trans-2-enoyl-ACP
intermediate. Upon addition of triclosan, UFA synthesis was
readily detected in strain HW8 expressing FabQ and the UFAs
synthesized had the double bond positions characteristic of
A. viridans (Bosley et al., 1990; Moss et al., 1989), as judged
from argentation chromatography (Figure 3B). In the FabQ-
expressing cultures, the UFA methyl ester species migrated as
cis-7 and cis-9 UFAs in place of the cis-9 and cis-11 species
normally found in E. coli (Figure 3B). In the presence of triclosan,
expression of FabQ in the fabA mutant HW8 restored UFA
synthesis, albeit with low efficiency (11% as much UFA as the
wild-type strain; Table S2), but gave sufficient material for iden-
tification of the double-bond positions and chain lengths of the
UFAs by analysis of their dimethyldisulphide adducts. Mass
spectral analyses of the dimethyldisulfide adducts of these
esters identified the two UFAs as cis-7-hexadecenoic and cis-
9-octadecenoic acids (Figure S2) in accord with the argentation
chromatography results (Figures 3B and 3C). Note that we did
not observe cis-11-eicosenoic acid, a major A. viridans UFA.
Because E. coli accumulates C20 fatty acids in the absence
of phospholipid synthesis (Cronan et al., 1975), the lack of this1160 Chemistry & Biology 20, 1157–1167, September 19, 2013 ª201acid can be attributed to the specificities of the acyltransferases
of E. coli phospholipid synthesis.
Based on the classical pathway of anaerobic UFA synthesis
(Bloch, 1971; Scheuerbrandt et al., 1961) we expected that
the synthesis of the C16:1D7c and C18:1D9c UFAs begins
by dehydration of 3-hydroxydodecanoyl-ACP (Figure 1). This
expectation was tested by expression of Vibrio harveyi acyl-
ACP synthetase (AasS) to allow exogenous fatty acids to enter
the E. coli fatty acid synthetic pathway (Jiang et al., 2010).
Hence, the chain length dependence of the branch point
between UFA and SFA could be directly tested in vivo as in the
classical studies of Bloch and coworkers (Bloch, 1971; Scheuer-
brandt et al., 1961). The pathway predicted that upon expression
of FabQ and AasS, exogenously added 14C-labeled octanoic
and decanoic acids would be incorporated into UFAs as well
as SFAs whereas [1-14C]dodecanoic acid would label only
SFAs. In contrast, the E. coli pathway would convert octanoic
acid to both UFA and SFA, whereas decanoic and dodecanoic
acids would give only SFAs. These labeling patterns were as pre-
dicted (Figure 3C), and thus the FabQ substrate should be 3-hy-
droxydodecanoyl-ACP. Note that the use of carboxyl-labeled
precursor fatty acids eliminated the possibility of shortening of
the acids by b-oxidation prior to incorporation. Finally, reverse-
phase thin-layer chromatography (TLC) showed that the labeled
acids were similarly elongated to long-chain phospholipid SFAs
(Figure 3D).
FabQ Has FabA Activity In Vitro, but Unlike FabA,
Dehydrates and Isomerizes Unsaturated 3-Hydroxy
Substrates
FabQ was tested for its ability to replace FabA in a reconstituted
fatty acid synthesis system with 3-hydroxydodecanoyl-ACP as
substrate. The defined in vitro synthesis system was assembled
from purified E. coli proteins and allowed direct comparison of
the activities of FabA, FabZ, and FabQ. In the FabZ-containing
reaction, 3-hydroxydodecanoyl-ACP was converted to trans-2-
dodecenoyl-ACP as expected from prior work (Heath and
Rock, 1996; Figure 4A, lane 7). When FabA, FabD, FabB, and
FabG were added, the elongation product formed, 3-hydroxy-
cis-5-tetradecenoyl-ACP, was the product of FabA-catalyzed
isomerization of trans-2-dodecenoyl-ACP to cis-3-dodecenoyl-
ACP and the elongation of the cis product by FabB (Figure 4A,
lane 8). The addition of only FabQ also resulted in conver-
sion of 3-hydroxydodecanoyl-ACP to trans-2-dodecenoyl-ACP
(Figure 4A, lane 2).
Upon replacement of FabA with FabQ in reactions containing
FabD, FabB, and FabG, we expected the same products as
those formed with FabA. However, gel electrophoresis showed
a broader band of greater mobility, suggesting that several prod-
ucts were present (Figure 4A, lane 3). Provisional identification of
the ACP thioester intermediates formed in these reconstitution
assays was done by mass spectrometry. Note that the small
amounts of the products precluded rigorous determination of
the exact structures of the acyl chains (e.g., the positions and
conformations of double bonds). The control reaction of Fig-
ure 4A (lane 2), in which only FabQ was present, contained
3-hydroxydodecanoyl-ACP and trans-2-dodecenoyl-ACP as
expected (mass peaks at 9,046.8 and 9,029.1, respectively;
Figure 5A), whereas the mass peaks for the holo-ACP starting3 Elsevier Ltd All rights reserved
Figure 3. In Vivo Activity of A. viridans fabQ
(A) Complementation of arabinose-dependent growth of an E. coli strain HW7 by a plasmid expressing A. viridans fabQ. The fabQ and E. coli fabZ genes were
inserted into the lac promoter expression vector pSRKGm resulting in pBHK164 and pBHK172, respectively. These plasmids were then transformed into E. coli
HW7, a strain in which the chromosomal fabZ gene is deleted and FabZ function is provided by a compatible plasmid carrying C. acetobutylicium fabZ under
control of the vector arabinose (pBAD) promoter. The plates containedRBmediumwith arabinose as the inducer of fabZ expression (or the anti-inducer fucose) or
with isopropyl-b-D-thiogalactopyranoside (IPTG) to induce fabQ or fabZ expression. The plates were incubated overnight at 30C due to temperature-sensitive l
prophage carried by the host strain. Strain HW7 carrying the empty vector, pRKGm, was used as a negative control.
(B–D) Incorporation of [1-14C]acetate or medium chain length [1-14C]-labeled fatty acids into the membrane phospholipids of the wild-type E. coli strain YYC1273
or the E. coli fabA strain HW8 transformed with the empty vector pSRKGm, plasmid pBHK164 encoding A. viridans fabQ, plasmid pBHK222 encoding chimera-
X-N, or pBHK223 encoding chimera-X-P (Figure 2). (B) Argentation TLC analysis of [1-14C]acetate-labeled E. coli fabA strain HW8 transformed with theA. viridans
fabQ. (C) Argentation TLC analysis of [1-114C]-labeled octanoate-, decanoate-, or dodecanoate-labeledE. coli fabA strain HW8 transformedwithA. viridans fabQ.
All strains carried the AasS-encoding plasmid pYFJ85 to allow the conversion of the exogenous acids to the ACP thioesters required to enter the fatty acid
synthetic pathway. (D) The saturated fatty acid methyl ester fraction obtained by argentation column chromatography was analyzed with reverse-phase TLC (see
the Experimental Procedures). Arabinose (ARA) was present at a concentration of 0.02% and IPTG at a concentration of 0.5 mM. Triclosan (TCL) was added at
0.1 mg/ml to inhibit host FabI activity. Sat, SFA esters.
See also Figures S2 and S4 and Tables S1 and S2.
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Multifunctional Fatty Acid Dehydratasematerial and the malonyl-ACP formed by FabD occurred at
8,847.8 and 8,933.7, respectively (Figure 5B). When FabA,
FabD, FabB, and FabGwere all present, the elongation products
formed had the masses of the ACP thioesters of 3-hydroxy, cis-Chemistry & Biology 20, 1157–1165-tetradecenoyl-ACP (3-OH-C14:1, D5c-ACP; mass 9,072.1)
and 5-cis, 2-trans-tetradecadienoyl-ACP (C14:2, 5c, 2t-ACP;
mass 9,054.6; Figure 5C) in accord with previous results (Heath
and Rock, 1996). Unexpectedly, when FabQ replaced FabA, the7, September 19, 2013 ª2013 Elsevier Ltd All rights reserved 1161
Figure 4. FabQ Catalyzes the Formation of
Polyunsaturated Acyl-ACP Intermediates
In Vitro and In Vivo
(A) The catalytic properties of FabQ were tested in
a reconstituted in vitro E. coli fatty acid synthesis
system with 3-hydroxydodecanoyl-ACP (3-OH-
C12:0-ACP) as the substrate. The reaction mixture
is described in the Experimental Procedures. After
incubation at 37C for 30 min, and the reaction
products were resolved by conformationally sen-
sitive gel electrophoresis on 18% polyacrylamide
gels containing an optimized urea concentration
(Cronan et al., 1988; Cronan and Thomas, 2009;
Post-Beittenmiller et al., 1991). The appearance of
elongation products in lanes 3 and 8 indicates that
trans-2-C12:1-ACP was isomerized to cis-3-
C12:1-ACP, which allowed elongation by FabB.
(B) Fatty acid products formed in vitro. 14C-labeled
3-hydroxydodecanoyl-ACP was obtained using
the reconstituted fatty acid synthesis system (see
the Experimental Procedures). Then either FabQ
or FabA was added to the reaction mixtures,
respectively, followed by incubation at 37C for
additional 60 min. The synthesized acyl chains
were then converted to their methyl esters and
separated by either reverse phase or argentation
TLC with detection by autoradiography.
(C) Fatty acid products formed in vivo by analysis
of [1-14C]acetate-labeled esters present in the
medium of E. coli fabA strain HW8 transformed
with plasmids expressing both E. coli 0TesA and
the enzymes denoted. Cultures of plasmid-con-
taining strains were grown and the fatty acid
methyl esters were obtained from the medium as
described in the Experimental Procedures. The
methyl esters were then separated by argentation
TLC followed by autoradiography.
See also Figures S1 and S3 and Table S1.
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Multifunctional Fatty Acid Dehydrataseelongation products formed had the masses of a C16 acyl-ACP
containing three double bonds (9,080.3), a 3-hydroxy-C16 acyl-
ACP containing two double bonds (9,098.6), and a C18 acyl-ACP
containing four double bonds (9,106.6; Figure 5B). Therefore, in
the absence of FabI, FabQ appeared to have dehydrated
3-hydroxydodecanoyl-ACP to trans-2-dodecenoyl-ACP and
catalyzed its isomerization to cis-3-dodecenoyl-ACP (Figure 7).
This in turn was elongated by FabB to give 3-oxo-cis-5-tetrade-
cenoyl-ACP. The oxo group of this product would be reduced by
FabG to produce an FabQ substrate that was dehydrated to
trans-2 (cis-3), cis-5-tetradecadienoyl-ACP as is the case with
FabA. FabB would then elongate the isomerization product
cis-3, 5-tetradecadienoyl-ACP to 3-oxo-cis-5,7-hexadeca-
dienoyl-ACP, and FabG action would allow another cycle of1162 Chemistry & Biology 20, 1157–1167, September 19, 2013 ª2013 Elsevier Ltd All rights rdehydration, isomerization, and elonga-
tion to produce a C18 acyl-ACP con-
taining four double bonds (Figure 7). As
expected, formation of these products
required FabQ, FabB, FabG, and FabD
(Figure 4A). Elongation of 3-hydroxy-
dodecanoyl-ACP was also demon-
strated by use of [2-14C]malonyl-CoA
and reverse-phase TLC, which separatesfatty acid esters according to their hydrophobicity (hence by
chain length and degree of unsaturation with a double bond
canceling about two methylene groups; Christie, 2003). As
shown in Figure 4B, several species formed in FabQ reactions
were more hydrophobic than any formed in FabA reactions.
The presence of several double bonds was shown by the very
slow migration of the methyl esters on AgNO3 chromatography
(Metz et al., 2001; Morris and Wharry, 1965; Figure 4B). There-
fore, FabQ acts like FabA in UFA synthesis, but following dehy-
dration of 3-hydroxy substrates that contain a double bond, it
isomerizes the trans double bond to the cis configuration, a
reaction that FabA cannot catalyze (Heath and Rock, 1996). As
mentioned previously, these acids were not produced in vivo
unless the FabI enoyl-ACP reductase was inhibited becauseeserved
Figure 5. Mass Spectrometry of Products of the FabQ and FabA-
Catalyzed Reactions In Vitro
(A) Mass spectrum of the reaction products of lane 2 of Figure 4A shows
dehydration of 3-hydroxydodecanoyl-ACP (9,046.8) to trans-2-dodecenoyl-
ACP (mass 9,029.1).
(B)Mass spectrum of the products of the reactionmixture of lane 3 of Figure 4A
showing the FabQ-catalyzed conversion of 3-hydroxydodecanoyl-ACP to a
series of unsaturated acyl-ACPs putatively assigned as C16:3, D7c, D5c, D2t/
3c-ACP (mass 9,080.3); 3-hydroxy-C16:2, D7c, D5c-ACP (mass 9,098.6); and
C18:4, D9c, D7c, D5c, D2t/3c-ACP (mass 9,106.6). The peaks of masses
8,847.8 and 8,933.7 are holo-ACP and malonyl-ACP, respectively.
(C) Mass spectrum of the products of the reactionmixture in lane 8 of Figure 4A
showing the FabA-catalyzed conversion of 3-hydroxydodecanoyl-ACP to an
acyl-ACP putatively assigned as 3-hydroxy, cis-5-tetradecenoyl-ACP (3-OH-
C14:1, D5c-ACP; mass 9,072.1) and 5-cis, 2-trans-tetradecadienoyl-ACP
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Chemistry & Biology 20, 1157–116FabI competes with FabQ for enoyl-ACP derivatives and
reduces the trans-2 double bonds (Figures 3B and 3C). FabI
similarly outcompetes FabQ in vitro (Figure S3).
Production of Polyunsaturated Fatty Acids In Vivo
by Coexpression of FabQ and FabB
To confirm the polyunsaturated fatty acids formed in vitro,
plasmid pHC122, which expresses the broad chain length spec-
ificity E. coli thioesterase I lacking its periplasmic export
sequence (0TesA; Cho and Cronan, 1993), was transformed
into E. coli strain HW8. Expression of 0TesA results in hydrolysis
of the acyl-ACP thioester bonds and allows export of the liber-
ated fatty acids into the culture medium. Use of this strategy
avoids the necessity that abnormal fatty acids be incorporated
into phospholipids (Cho and Cronan, 1993; Feng and Cronan,
2009). Individual colonies of strains carrying plasmid pHC122
and compatible plasmids that expressed FabQ, FabA, FabQ
plus FabB or FabA plus FabB were grown in the presence of
[1-14C]acetate and triclosan followed by induction with protein
expression. The medium was collected followed by extraction
of the free fatty acids. The fatty acids were converted to their
methyl esters and analyzed by argentation TLC (Figure 4C). We
found that only upon coexpression of FabQ and FabB did
the medium contain detectable levels of poly-UFAs, whereas
expression of FabQ or FabA in the absence of FabB overexpres-
sion gave the expected high-level production of saturated fatty
acids (Figure 4C).
To determine the positions of double bonds of these poly-
UFAs, E. coli strain HW8 carrying the plasmids pHC122 and
pBHK265 was grown as above but in nonradioactive medium,
and large volumes of culture supernatant were subjected to
free fatty acid extraction because of the low levels of fatty acids
produced. Because the mass spectra of fatty acid methyl esters
do not contain characteristic ion fragments that allow location of
double-bond positions and dimethyldisulfide addition to prox-
imal double bonds gives complex and poorly volatile products,
the positions of the double bonds were identified based on
gas chromatography-mass spectroscopy (GC-MS) analysis of
4,4-dimethyloxazoline (DMOX) derivatives. The nitrogen atom
of the derivatives carries the charge during ionization resulting
in radical-induced cleavage at every carbon-carbon bond along
the alkyl chain. If a double bond occurs between carbon n and
n + 1, a gap of 12 atomic mass units (amu) between ions cor-
responding to fragments containing n  1 and n carbons is
observed (Qi et al., 2004; Zhang et al., 1988). In saturated seg-
ments of the chain, the gaps of 14 amu are seen due to cleavage
between adjacent methylene groups. We found only one poly-
UFA in the culture medium of strain HW8 expressing FabA
plus FabB, the trans-2, cis-5 species of Figure 5C and Heath
and Rock (Heath and Rock, 1996), whereas longer chain acids
were found when both FabQ and FabB were expressed from
compatible plasmids (Figure 6). The mass spectra of the
DMOX derivatives of 3-hydroxy-C16:2 and a probable C18:3
species extracted from the culture medium of strain HW8(C14:2, 5c, 2t-ACP; mass 9,054.6) based on the work of Heath and Rock
(Heath and Rock, 1996). The mass peaks at 8,848.0 and 8,934.9 are those of
holo-ACP and malonyl-ACP, respectively.
See also Table S1.
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Figure 6. Positional Analysis of the Carbon Double Bonds of Two
Poly-UFAs Extracted from the Culture Medium of Strain HW8
Expressing FabQ Plus FabB with Partial Inhibition of FabI Activity
See also Table S1.
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a peak atm/z 142 characteristic of a hydroxyl group at position 3
was present. Gaps of 12 amu between m/z 156 and 168 and
between m/z 182 and 194 indicate double bonds at the 5 and
7 positions. When combined with the molecular ion at m/z 321,
the acid was identified as 3-hydroxy-C16:2, D7, D5. We also
putatively identified the other poly-UFA as C18:3 based on the
highly abundant molecular ion at m/z 331. Indeed, the presence
of the m/z 217 ion in the DMOX derivative mass spectrum sug-
gested that all the three double bonds are located between the
carboxyl and carbon 10. Gaps of 12 amu between m/z 165
and 177 and between m/z 191 and 203 strongly suggested
that double bonds are present in the 7 and 9 positions. Thus,
this acid is likely to beC18:3,D9,D7,D5. Although this C18:3 iso-
mer was unexpected, it can be readily explained by reduction of
the trans-2 double bond of the C18:4, D9, D7, D5, trans-D2 inter-
mediate by residual FabI activity, consistent with the in vitro
product (Figure 5B). We also found trace amounts of the C16:3
and C18:4 species having molecular ions at m/z 303 and m/z
329, respectively, as expected from the in vitro results. However,
the DMOXderivativemass spectra obtained for these acids were1164 Chemistry & Biology 20, 1157–1167, September 19, 2013 ª201complex, and we were unable to determine the double-bond
positions.
Domain Swapping between FabQ and FabZ
Previous domain-swapping experiments showed that the isom-
erase activity of FabN was caused by the structure of the b
sheets controlling the shape of the active site tunnel (White
et al., 2005). To test if it is the case for FabQ, two chimeric
FabQ/FabZ proteins (Figure 2C) were tested to see if the minimal
structural elements (the b3 and b4 strands) were sufficient to
transform P. aeruginosa FabZ from a dehydratase into a dehy-
dratase/isomerase. Chimera-N containing the N-terminal part
of FabQ was constructed as a negative control, whereas
chimera-P containing the b3 and b4 strands of FabQ was ex-
pected to show isomerase activity. Both proteins retained only
dehydratase activity as indicated by the formation of trans-2-
dodecenoyl-ACP in vitro and no elongation products were
observed (Figure 4A, lanes 5 and 6). Expression of the chimeric
proteins also partially restored the growth of strain HW7 (Fig-
ure S4B), and thus weak FabZ activity was retained. Moreover,
in vivo, only 14C-labeled SFAs were synthesized in the presence
of triclosan (Figure 3B). Thus, the b strands of the dimer interface
are not sufficient to impart isomerase activity.
Bioinformatic Analysis of FabQ
The phylogeny of FabQ was determined in relation to other
members of FabZ or FabM homologs (Figure S5). Members
from the related 3-hydroxyacyl-ACP dehydratases HadABC
were included as an out-group. Phylogenetic analysis revealed
that FabQ homologs form a clade distinct from other groups.
Close homologs of FabQ are found in the order Lactobacillales.
Three FabZ homologs fromC.maltaromaticum,G. adiacens, and
D. pigrum showed the highest sequence identity (64%) with
FabQ. All sequenced strains of these species encode only one
FabZ homolog and lack known UFA synthetic genes.
DISCUSSION
FabQ was shown to be responsible for the synthesis of
C16:1D7c and C18:1D9c, two major UFAs of A. viridans with
3-hydroxydodecanoyl-ACP as the key precursor. Thus, the
UFA biosynthetic pathway in A. viridans branches from the
classic fatty acid biosynthesis pathway by ‘‘tapping off’’ the
3-hydroxydodecanoyl-ACP intermediate (Figure 1) rather than
the 3-hydroxydecanoyl-ACP as in E. coli and many other bacte-
ria. FabQ can act strictly as a dehydratase like E. coli FabZ or as a
dual-function dehydratase/isomerase like E. coli FabA. This is a
FabZ homolog thatmust act in a bifunctional manner. The ratio of
activities is such that in vitro FabQ allows the elongation of acyl
chains in the absence of an enoyl-ACP reductase such as E. coli
FabI. In vitro, long-chain products are made from 3-hydroxydo-
decanoyl-ACP by the combined action of FabQ, FabB, FabG,
and FabD. The poly-UFA, 3-hydroxy-cis-5, 7-hexadecadienoic
acid, was detected in vivo upon coexpression of FabQ and
FabB when FabI was partially inhibited. We believe these prod-
ucts are formedby the following sequence of reactions (Figure 7).
FabQ dehydrates 3-hydroxydodecanoyl-ACP to trans-2-acyl-
ACP and then isomerizes the double bond to the cis-3-isomer.
In our model (Figure 7), movement of the double bond from3 Elsevier Ltd All rights reserved
Figure 7. Proposed Pathway for Enoyl-ACPReductase-Independent
Chain Elongation by FabQ plus E. coli FabB
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noyl-ACP to produce 3-oxo-cis-5-tetradecenoyl-ACP, which is
reduced to 3-hydroxy-cis-5-tetradecenoyl-ACP by FabG to
provide a different FabQ substrate. Another round of this atypical
elongation cycle will give 3-hydroxy-cis-5, 7-hexadecadienoyl-
ACP and a further round will give 3-hydroxy-cis-5, 7, 9-octade-
catrienoyl-ACP. Heath and Rock (Heath and Rock, 1996)
reported that in the absence of an enoyl-ACP reductase and in
the presence of FabB, FabG, and FabA, their in vitro system
elongated cis-3-decenoyl-ACP to a mixture of 3-hydroxy, cis-
5-dodecenoyl-ACP and trans-2, cis-5-dodecdienoyl-ACP, but
no further elongation can occur because FabA is unable to isom-
erize the trans-2 double bond to the cis-3 species required for
elongation by FabB. The inability of FabA to isomerize the C12
unsaturated species can probably be attributed to the very tight
hydrophobic tunnel where FabA sequesters the substrate acyl
chain (Leesong et al., 1996; Moynie´ et al., 2013). Modeling
done similar to that of Moynie´ and coworkers (Moynie´ et al.,
2013) suggests that the kinks introduced by the double bond
could clash with the wall of the tunnel, resulting in distorted sub-
strate presentation or perhaps an inability to bind the substrate.
This scenario seems unlikely to explain isomerization by FabQ
because within its active site tunnel the enzyme readily tolerates
double bonds, which would alter any strict geometry required.
Thus we expect FabQ to have a larger or more flexible acyl
chain-binding tunnel such as that of P. aeruginosa FabZ (White
et al., 2005). Hence, when available, the FabQ structure should
be most instructive in further interpretations of the FabA and
FabZ structures.Chemistry & Biology 20, 1157–116The FabQ isomerase activity directly competes with enoyl-
ACP reductase for the common substrate, trans-2-dodece-
noyl-ACP, indicating that trans-2-dodecenoyl-ACP does not
remain tightly bound to the enzyme. The same is true of FabA
where free trans-2-decenoyl-ACP has been demonstrated
in vitro (Guerra and Browse, 1990). Moreover, overexpression
of FabA in E. coli results in increased synthesis of saturated fatty
acids (Clark et al., 1983). This is because FabB activity becomes
limiting and FabI reduces the ‘‘backed up’’ trans-2-decenoyl-
ACP. It follows that in A. viridans the ratio of the activities of
FabQ and enoyl-ACP reductase must be coordinated in order
that the proportions of UFA and SFA producing functional phos-
pholipids maintained. The ratio of the two enzyme activities
seems likely to be ‘‘hard wired’’ because both FabQ and FabK
(the putative enoyl-ACP reductase) appear to be cotranscribed
within a fatty acid synthesis operon (Figure 2A). The A. viridans
fatty acid synthesis pathway we propose requires that the single
FabF encoded by this bacteriummust be able to perform the key
reaction catalyzed by E. coli FabB, elongation of the cis-3-acyl-
ACP resulting from the FabQ isomerization reaction. The single
FabFs encoded by both Lactococcus lactis (Morgan-Kiss and
Cronan, 2008) and Clostridium acetobutylicium (Zhu et al.,
2009) have this ability and show strong sequence (49%–59%)
identity to A. viridans FabF, particularly in the regions implicated
in acyl chain substrate binding (White et al., 2005). Why does
A. viridans encode only a single FabZ/FabA homolog whereas
other bacteria have multiple homologs? One possibility is the
small genome (2.01 Mb) of this bacterium. It is 60% smaller
than the E. faecalis genome, which encodes two FabZ/FabA
homologs. Moreover, two other bacteria encoding FabQ homo-
logs have similarly small genomes (Figure S5).
The enoyl-ACP reductase-independent elongation pathway
we postulate (Figure 7) has parallels in the bacterial synthesis
of polyunsaturated fatty acids by certain type I polyketide
synthases called polyunsaturated fatty acid synthases (Jiang
et al., 2008; Metz et al., 2001; Orikasa et al., 2009). These poly-
functional protein systems all contain dehydratase domains
that strongly resemble E. coli FabA and some also have FabZ-
like domains (Orikasa et al., 2009). The elongation pathway pro-
posed for the early steps of eicosapentaenoic acid synthesis is
the same as our elongation pathway except that the pathway
begins with 3-hydroxyhexanoate (Metz et al., 2001). Hence,
some of these dehydratase domains may well have enzymatic
properties resembling those of FabQ.
It may be possible to use FabQ to bypass enoyl-ACP reduc-
tase activity in a bacterium that does not require saturated fatty
acids for growth. We previously showed that L. lactis grows well
with only unsaturated fatty acid synthesis (Lai and Cronan, 2003;
Morgan-Kiss and Cronan, 2008); thus, the unusual FabQ-depen-
dent poly-UFAs might suffice to support growth of an enoyl-ACP
reductase null mutant of this bacterium. If successful, this would
provide for feasible production of a new class of conjugated
polyunsaturated fatty acids.
SIGNIFICANCE
Fatty acid synthesis is essential in all organisms except the
Archea and the fatty acid biosynthetic reactions are strictly
conserved. Fatty acid synthesis is required not only for7, September 19, 2013 ª2013 Elsevier Ltd All rights reserved 1165
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and synthesis of the key vitamins biotin and lipoic acid. Fatty
acids are assembled by incorporating carbons atoms two at
a time by an elongation cycle that requires three enzymes
that act after attachment of the two carbons to the growing
fatty acid chain. These reactions prepare the chain for entry
into the next elongation cycle. The last of these reactions
involves removal of a double bond by reduction and is cata-
lyzed by an enzyme called enoyl-ACP reductase. We report
FabQ, an enzyme from the bacterium Aerococcus viridans,
which can bypass the completely conserved enoyl-ACP
reductase step by flipping the double bond down the chain
to allow elongation to proceed without reduction, thereby
resulting in synthesis of polyunsaturated fatty acids. FabQ
is also able to catalyze both the strict dehydratase and dehy-
dratase/isomerase fatty acid synthetic reactions generally
performed by two different enzymes in other bacteria.EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Oligonucleotides
Materials
The growth media and growth conditions are given in Supplemental Experi-
mental Procedures and Table S1. Fatty acid synthetic proteins were
expressed, purified, analyzed, and utilized as given in Supplemental Experi-
mental Procedures.
Acyl-ACP Preparations
3-Hydroxydodecanoyl-ACPwas synthesized as described previously (Bi et al.,
2012). Briefly, a typical reaction mixture consists of 25 mM holo-ACP, 200 mM
fatty acid, and 170 nM V. harveyi AasS in a buffer containing 100 mM Tris-HCl
(pH 7.8), 10 mM MgCl2, 1 mM TCEP, and 10 mM ATP in a reaction volume of
1 ml. The reaction mixtures were incubated at 37C for 4 hr, stopped by the
addition of two volumes of acetone, and the proteins were allowed to precip-
itate at 20C overnight. The precipitates were pelleted at 20,000 3 g for
30 min at 4C and then washed twice with three volumes of acetone. The pel-
lets were air-dried and resuspended in 20 mM Tris-HCl (pH 7.4) containing
1 mM tris[2-carboxyethyl] phosphine (TCEP). The final samples were concen-
trated with an Amicon ultracentrifugation filter device from Millipore (5,000
MWCO). Acyl-ACP synthesis was verified by electrophoresis on 18% gels
containing 2.5 M urea (Cronan and Thomas, 2009; Jiang et al., 2008) and by
electrospray mass spectrometry. Note that the ACP preparation retained the
N-terminal methionine.
Assay of FabQ Activity In Vitro
Fatty acid synthesis was reconstituted in vitro to assay FabQ activity using the
purified enzymes that catalyze the fatty acid biosynthesis essentially. The fatty
acid synthesis assay mixtures contained, in a volume of 30 ml, 0.1 M sodium
phosphate (pH 7.0); 2 mM b-mercaptoethanol; 25 mM 3-hydroxydodeca-
noyl-ACP; 100 mM NADPH; 0.2 mg each of FabD, FabB, and FabG; 75 mM
holo-ACP; and 150 mM malonyl-CoA. FabQ (0.2 mg), chimeric enzymes
(0.2 mg), FabA (0.2 mg), or FabZ (0.2 mg) was added to the appropriate reactions
as indicated in the figure legends. For the competition of FabI and FabQ,
different amounts (0.02, 0.2, 1, and 4 mg) of EcFabI and 100 mM NAPH were
also added to the reactions above. Note that the substrate 3-hydroxydodeca-
noyl-ACP was added last to ensure simultaneous attack of AvFabQ and
EcFabI for the substrates. After incubation at 37C for 30 min, the reactions
were stopped by placing the tubes in ice slush. Samples of the mixtures
were mixed with gel loading buffer and analyzed with conformationally
sensitive gel electrophoresis on 18% polyacrylamide gels containing a con-
centration of urea optimized for the separation (Cronan and Thomas, 2009;
Post-Beittenmiller et al., 1991).
To produce 14C-labeled 3-hydroxydodecanoyl-ACP, the fatty acid synthesis
assay mixtures, which contained 0.1 M sodium phosphate (pH 7.0), 2 mM
b-mercaptoethanol, 25 mM decanoyl-ACP, 100 mM NADPH, 100 mM holo-
ACP, and 100 mM [2-14C]malonyl-CoA (specific activity, 55 mCi mmol1),
EcFabD (1 mg), EcFabB (1 mg), and EcFabG (1 mg) in a final volume of 100 ml,1166 Chemistry & Biology 20, 1157–1167, September 19, 2013 ª201were incubated at 37C for 20 min. Then either 1 mg AvFabQ or EcFabA was
added to the reaction mixtures, respectively, followed by incubation at 37C
for additional 60 min. The assay mixtures were dried by nitrogen, and the
acyl chains of in vitro products were then converted to their methyl esters by
sodium methoxide in methanol, which were separated by argentation TLC or
reverse-phase TLC and detected by autoradiography as described previously
(Jiang et al., 2010). For high-resolution separation of polyunsaturated fatty
acids by argentation TLC, toluene-acetonitrile (98.5:1.5, v/v) was used as the
developing solvent (Wilson and Sargent, 1992).
Radioactive Labeling, Phospholipid Extraction, and Fatty Acid
Analyses
Detailed protocols are given in Supplemental Experimental Procedures. Mass
spectrometry of proteins and isolated fatty acid moieties and their modified
species are described in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two tables and can be found with this article online at http://
dx.doi.org/10.1016/j.chembiol.2013.07.007.
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